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Summary The lipid composition of five human breast cancer cell lines (MCF-7, T47D, ZR-75-1, SKBR3 and
MDA-MB231) was assessed by proton magnetic resonance spectroscopy (MRS) in whole cells and membrane-
enriched fractions. The proportions of the three main lipid resonances in 1D spectra were different for each
cell line. These resonances included mobile methyl and methylene functions from fatty acids of triglycerides
and phospholipids and N-trimethyl from choline of phospholipids. T47D and ZR-75-1 cells presented a high
methylene/methyl ratio (6.02 ± 0.35 and 6.28 ± 0.90). This ratio was significantly lower for SKBR3, MCF-7
and MDA-MB231 cells (2.76 ± 0.22, 2.27 + 0.57 and 1.39 ± 0.39). The N-trimethyl/methyl ratio was high for
MDA-MB231 and SKBR3 cells (1.38 ± 0.54 and 0.86 ± 0.32), but lower for MCF-7, T47D and ZR-75-1 cells
(0.49 ± 0.11, 0.16 ± 0.07 and 0.07 ± 0.03). 2D COSY spectra confirmed these different proportions in mobile
lipids. From ID spectra obtained on membrane preparations, T47D and ZR-75-1 were the only cell lines to
retain a signal from mobile methylene functions. These differences might be related to the heterogeneity found
for several parameters of these cells (tumorigenicity, growth rate, hormone receptors); an extended number of
cases from fresh samples might enable clinical correlations.
Proton magnetic resonance spectroscopy (MRS) is a non-
invasive technique for studying intracellular metabolites of
whole cells and membrane lipids. Extensive work by Mount-
ford et al. (for review, see Mountford & Tattersall, 1987) has
shown that malignant, embryonic, undifferentiated and
activated cells exhibit spectra which demonstrate the presence
of mobile lipid domains within the lipid bilayer of mem-
branes. Their resonances resemble those of plasma lipo-
proteins (Bell et al., 1988). Based on the quantities of lipids
detected by proton MRS, as well as on the presence and
number of small metabolites, a distinction was made between
malignant and benign biopsies from uterine cervic (Mount-
ford et al., 1990) and from colon tissue (Czuba & Smith,
1991).
MRS is dependent on the mobility of protons inside a
molecule. Thus, protons from high molecular weight, highly
structured molecules, such as protein amino-acid protons,
give broad resonance, while mobile protons from low
molecular weight metabolites produce narrow, high resolu-
tion resonance. Resonance of the methyl and methylene
groups of lipids contained in plasma lipoprotein particles
falls into an intermediate category.
Breast cancer cells have not yet been examined by proton
MRS, except adriamycin-resistant MCF-7 (Van Zijl et al.,
1991). In another study, the phospholipid contents of MCF-7
breast cancer cells and their multidrug resistant counterpart
were examined by phosphorus MRS, and showed different
metabolic responses to energy antimetabolites such as 2-
deoxyglucose (Kaplan et al., 1990). Since breast cancer
tumours present sharp interindividual variations, we first
examined in vitro models by proton MRS. We chose five cell
lines with similar characteristics, which originated from
metastases and produced tumours in nude mice. These lines
were maintained in vitro for a long period under similar
conditions and with equivalent needs in growth factors
(Calvo et al., 1984). In order to determine the origin of the
resonances detected, plasma membrane-enriched fractions
were prepared from the same cell lines.
Results demonstrate considerable disparities in the mobile
fraction of lipid detected by MRS among these five cell lines.
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Materials and methods
Cell culture
Five human breast carcinoma cell lines were used: MCF-7,
MDA-MB 231, T47D, SKBR3 and ZR-75-l (Engel & Young,
1978). All these cell lines were cultured in Dulbecco's
modified Eagle's medium (DMEM, Gibco) supplemented
with 10% foetal calf serum, as adherent cells.
The cells were mass cultured in the same conditions, in
150cm2 flasks. The cells from three flasks (107 cells) were
harvested at confluency with a rubber policeman scraper and
centrifuged at 1,000 r.p.m. for 10 min.
For whole cell MRS experiments, the cells were washed
three times with 2 ml of phosphate-buffered saline (PBS:
KH2PO4 0.2 g 1-, KCI 0.2 g1-', NaCl 8 g1-', Na2HPO4
1.15 g1-') in deuterium oxide (D20). The final pellet was
suspended in PBS/D20 to obtain a final volume of 0.5 ml
and placed in a 5 mm MRS tube.
For cell membrane preparation, the same number of cells
were washed in cool PBS and disrupted with a hypotonic
Tris (tris[hydroxymethyl]aminoethane) buffer (0.01 M), fol-
lowed by a freeze-thaw cycle at - 20C; finally, polytron was
used three times for 5 s. The resulting homogenate was cen-
trifuged at 1,000g for 10 min and the supernatant was centri-
fuged at 47,000g for 30 min (Beckmann TL 100, rotor TL
100-2). For MRS experiments, the final pellet was suspended
in PBS/D20 and 0.5 ml of the suspension was placed in a
5 mm MRS tube. The specific Na+/K+ ATPase activity was
determined in the presence or absence of digitoxigenin using
a coupled assay method previously described (Noel & Godf-
raind, 1984). The enzyme activity was expressed in smol of
phosphate consumed per hour and per jg of membrane
protein measured by the bicinchoninic acid colorimetric
assay. The assays were also performed on an aliquot of the
cell homogenate (obtained before the 1,000g centrifugation)
in order to calculate the enrichment of the preparation.
MR spectroscopy
Spectra were recorded on a Bruker AM400WB spectrometer
at 400 MHz. The signal from residual water was suppressed
by the presaturation technique with an irradiation of 0.08 W
for 2 s. Resonance chemical shifts are expressed in ppm in
reference to TSP (sodium trimethylsilylpropionate, external)
assigned to 0 ppm.
ID experiments were performed at 20'C with 60°C flip
angle and 64 transients were accumulated. Acquisition time
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was 0.68 s on 8 K data points corresponding to a sweep
width of 6,000 Hz. The Fourier transformation (FT) was
performed after a zero-filling to 16K data points and ,,
exponential multiplication corresponding to 1 Hz line
broadening.
2D COSY experiments were performed with 1K data
points in the F2 direction and 256 data points in the Fl
direction. The sweep width was reduced to 2,700Hz,
eliminating the aromatic region of the spectrum, where no
resonances were detected in 1D acquisitions. Thus, the
experiments could be performed within 3 h. The 2DFT was
applied after zero-filling to 512 data points in the Fl direc-
tion and to 2K data points in the F2 direction and a sine-bell
fiinttinn in hnth Air^otiine
a
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The spectra obtained were fully relaxed. Each experiment
consisted of a ID acquisition, a 2D COSY spectrum and a
b control 1D spectrum. This was repeated three to five times
for each cell line. Peak assignments were made from data
from the literature and with spectra obtained on standards.
The peak area ratio measured on the plotted 1D spectra by
planimetry were compared by variance analysis and Student-
Newman-Keuls test for multiple comparison; differences were
considered as significant for P <0.05.
Results
Spectra ofwhole cells
Figure I shows the alivhatic region of 1D spectra for the five
C cell lines. Most resonance arose from mobile lipids (Mount-
ford & Tattersall, 1987; Williams et al., 1988; Mackinnon et
al., 1989); methyl (0.8 ppm) and methylene (1.3 ppm) of the
fatty acids oftriglycerides and phospholipids and N-trimethyl
(3.2 ppm) from choline of phospholipids. No resonance was
detected in the aromatic region.
Two clear-cut groups were discriminated based on the
proportions of the lipid resonances (Table I). The first group
included T47D and ZR-75-1 cell lines, for which the methyl-
ene/methyl ratio was significantly higher than for the other
three cell lines: the N-trimethyl/methyl ratio was significantly
lower. The second group included SKBR3, MCF-7 and
MDA-MB231 cell lines, with a significantly lower methylene/
methyl ratio than T47D and ZR-75-1 and a higher N-tri-
methyl/methyl ratio than in the first group. Within this
second group, the MDA-MB231 cell line presented a
significantly lower methylene/methyl ratio and a significantly
higher N-trimethyl/methyl ratio than MCF-7 and SKBR3
cell lines.
The 2D COSY spectra (Figure 2) confirmed these different
proportions of mobile lipids in the cells and correlated with
the methylene/methyl ratio. In T47D and in ZR-75-1, reson-
Table I Peak area ratios of the resonances detected in the 1D
spectra of whole cells [mean ±(standard deviation)] and main
characteristics of the five cell lines (from Calvo et al., 1984 and Engel
& Young, 1978)
T47D ZR-75-1 SKBR3 MCF-7 MDA-MB231
n=4 n=3 n=3 n=5 n=5
CH2/CH3 6.02 6.28 2.76 2.17 1.39
(0.35) (0.90) (0.22) (0.57) (0.39)
N(CH3)3/CH3 0.16 0.07 0.86 0.49 1.38
(0.07) (0.03) (0.32) (0.11) (0.54)
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Figure 1 Proton MR spectra of whole cells (aliphatic region). a,
T47D, b, ZR-75-1, c, SKBR3, d, MCF-7, e, MDA-MB231. Peak
assignments: 1: methyl, 2: methylene (including lactate and
threonine), 3: N-trimethyl.PROTEIN MAGNETIC RESONANCE SPECTROSCOPY OF BREAST CANCER CELLS 625
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Figure 2 Proton 2D COSY spectra of whole cells (see Figure 1 for spectra attribution) and cross-peak assignment for an example
of a lipid molecule. Other correlations, 1: lactate, 2: threonine, 3: glutamine and glutamate, 4: lysine, 5: taurine.
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5ances of fatty acids were very intense for all functions of the
chains, including the double bonds (cross-peak e). Correla-
tions g and g' within the glycerol backbone of triglycerides
were also detectable. For SKBR3 cells, the spectrum revealed
a correlation of the two choline methylenes (cross-peak h)
and intense resonance for fatty acids: four cross-peaks a, d, b
and c, were detected. In the MCF-7 cell spectrum, cross-
peaks related to methylene resonance of the fatty acids were
present (cross-peaks, a, d and b) and the cross-peak h of
choline was still detectable. The MDA- MB231 cell 2D spec-
trum showed no cross-peak of the fatty acid functions and
the correlation between the two methylenes of choline (cross-
peak h) was intense. Lactate was detected in all 2D (cross-
peak numbered 1 in Figure 3) spectra with similar intensity,
irrespective of its role in methylene resonance intensity varia-
tion in ID spectra.
Membrane preparations
Na+/K+ ATPase specific activities ranged from 3.8 to 7.3
micromol h 'mg-', similar to those obained for other in
vitro cultured cell lines (Geny et al., 1979). The enrichment in
membrane ATPase (ratio of membrane to cell homogenate
ATPase activities) was equivalent for the different cell lines,
ranging from 4- to 6-fold, except for MDA-MB231 (2.5
times) which also exhibited the lowest specific activity.
ID spectra obtained (Figure 3) for these preparations
showed that the proportions of the different mobile lipids
were different from proportions found in whole cells for all
the cell lines. T47D and ZR-75-1 cells maintained a strong
proportion of mobile methylene functions producing intense
signals, while SKBR3, MDA-MB231, and MCF-7 presented
very similar spectra without a narrow signal for methylene.
The high N-trimethyl signal from choline was not detected in
membranes from MDA-MB231, SKBR3 and MCF-7. For
the five cell lines, methyl resonance was presented, and a
broad signal between 0.8 and 2.5 ppm was found (probably
due to methylene functions from bilayer lipid and protein).
Discussion
d
e
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Figure 3 Proton MR spectra of cell membrane preparations.
The high intensity signal at 3.7 ppm is the residual TRIS buffer.
For spectra attribution and peak assignments, see Figure 1.
As previously described (Mountford & Tattersall, 1987), the
proton MR spectra of whole cells are dominated by reson-
ance of mobile lipids. However, for the five breast cancer cell
lines studied here, the lipid composition varies, resulting in
differing lipid profiles for cells having similar tumoral charac-
teristics. The 1D MR spectra revealed significant differences
in the proportions of signals from fatty acids and from
choline, distinguishing two groups according to the levels of
fatty acids: ZR-75-1 and T47D represent the first group, with
high levels, and SKBR3, MCF-7 and MDA-MB231 form the
second group, with lower levels. 2D COSY spectra confirmed
this classification. Cell membrane preparations analysed
using the same technique exhibited different lipid composi-
tions as compared to whole cells, also revealing two groups
among the five cell lines: T47D and ZR-75-1, containing
mobile fatty acids, and SKBR3, MCF-7 and MDA-MB231,
which did not contain such fatty acids.
Following the model reported by C.E. Mountford et al.
(1988), mobile cell lipids were detected by proton MRS in
cancer cells (Williams et al., 1988) and in activated cells
(Holmes et al., 1990) as well as after the use of differentiating
agents (Van Haaften-Day et al., 1988). The plasma mem-
brane origin of the lipid signals was demonstrated by analysis
of Chinese hamster ovary cell lines. Wild type cells presented
mobile lipid spectra, while the line resistant to emetine,
ouabaine and 6-thioguanine, produced a spectrum with a
weaker methylene signal (Mackinnon et al., 1989). Quantita-
tion of intracellular lipid droplets showed no differences
between the two cell lines, thus confirming the membrane
origin of the lipid signal.
Mountford et al. (1990) directly applied their results to the
examination of biopsies by proton MRS. Malignant and
benign uterine cervical biopsies were distinguished, with the
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malignant samples presenting high lipidic signals in ID spec-
tra and cross-peaks from the fatty acids in 2D COSY spec-
tra; such signals were reduced or absent in premalignant and
normal tissues.
Chemical analysis of lipid content was previously per-
formed on cells from biopsies of breast cancers (Lanson et
al., 1990). A level of n-6-polyunsaturated fatty acids below
28% was associated with a frequent occurrence of metastasis.
That study also demonstrated sharp variation in lipid com-
position among breast cancers.
A similar analysis of lipids from undifferentiated and
differentiated HT29 human colonic cells was performed on
whole cells and on membranes of these cells (Reynier et al.,
1991). The phospholipid composition of the plasma mem-
brane of undifferentiated cells was similar to that of whole
cells, but the monounsaturated/polyunsaturated ratio of the
differentiated cells was correlated with the differentiation
state of the cell line.
These chemical analyses were performed using techniques
sensitive to all lipids within the cells; different lipid composi-
tions can be found for tumours having different prognoses or
for cells in various differentiation states. Proton MRS detects
the mobile part of the protons from lipids. In particular, 2D
COSY cross-peak intensities are dependent upon T2 relaxa-
tion times. A shorter T2, related to lower mobility, may be
responsible for the disappearance of cross-peaks. For the cell
lines studied here, the 2D COSY spectra presented high
intensity lipid cross-peaks for cell lines in which the
methylene/methyl ratio was high. Thus, the proportions of
the fatty acid resonances in ID spectra and the intensity of
the cross-peaks in 2D spectra were in agreement, thereby
enabling classification of the cell lines according to the
mobile lipid content.
In order to determine the origin of the lipid signals, cell
membranes were prepared from these cell lines. Highly
purified plasma membranes could not be prepared for MRS
experiments because this technique is highly sensitive to
organic compounds such as sucrose, used to separate the
different membranes. Consequently, the measurement of
Na+/K' ATPase activity was performed to ensure that the
NMR spectra were obtained on membrane-enriched fractions
in which the membranes were still intact. The spectra
obtained on membranes showed a sharp loss of the narrow
signals for all cell lines. The methyl group signal was still
detected, since these terminal functions present some mobility
and some of this signal may be due to protein. However,
T47D and ZR-75-1, which had large amounts of mobile
lipids, partially retained the narrow methylene signal. The
resonance of choline from phospholipids found in the MDA-
MB231 and SKBR3 cell lines was not detected in the corre-
sponding membrane preparation. Indeed, the membranes are
mainly comprised of phospholipids in the bilayer structure in
which the polar head groups lie at the membrane surface
(Bergelson, 1988). Due to strong interactions at the surface,
the N-trimethyl ammonium groups may be strongly immobi-
lised and therefore invisible to high resolution NMR.
Choline-containing phospholipids have already been de-
scribed as being intracellular compounds by phosphorus
MRS (Kaplan et al., 1990).
The cell line studied here share present several common
features (Engel & Young, 1978). Their histologic origin is
similar; they were obtained from metastatic pleuritis or ascitis
(ZR-75.1). All these lines can produce tumours when injected
into nude mice. However, MCF-7, T47D and ZR-71-1 ex-
press both oestradiol and progesterone receptors, while
SKBR3 and MDA-MB231 do not (Zajchowski et al., 1988).
The MDA-MB231 and MCF-7 cell lines easily produce
tumours in nude mice, while hormonal manipulation is neces-
sary for T47D and ZR-75-1. The MDA-MB231 and SKBR3
cell lines are the most undifferentiated. Growth rates are also
slightly different: the doubling time is lowest for MDA-
MB231 (20 h), intermediate for T47D and MCF-7 (around
30 h) and highest for ZR-75-1 and SKBR3 (around 40 h)
(Calvo et al., 1984). Table I compares these parameters with
results obtained by proton MRS and demonstrates the
difficulty of correlating tumoral parameters with the lipid
composition found with MRS.
In conclusion, the results demonstrate that proton MRS is
able to detect two different lipid profiles among the five
breast cancer cell lines studied. The correlation between the
mobile lipids detected by proton MRS and the large number
of factors characterising the type of cell line is suggested but
cannot be firmly established. Breast cancer biopsies should be
undertaken to determine prospectively the correlation
between proton MR spectra and the clinical parameters.
Such a study, including a large number of biological
parameters and the MRS data, should use more sophisticated
data analysis as neural networks (Reibnegger et al., 1991).
Other applications would include the follow up of variations
in lipid composition during the transformation from normal
to malignant cells, along with their acquisition of multidrug
resistance, known to alter the lipid composition of the
plasma membrane (Escriba et al., 1990).
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